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SUMMARY 

A wind- tunnel   f ree- f l igh t   inves t iga t ion  was conducted t o   s t u d y   t h e   s t a b i l i t y   a n d  
c o n t r o l   c h a r a c t e r i s t i c s  of a model  of a forward-swept-wing f ighter-airplane  configu-  
r a t i o n  a t  high  angles  of attack.  Other  wind-tunnel  techniques employed i n   t h e   s t u d y  
i n c l u d e d   s t a t i c -  and  dynamic- ( fo rced -osc i l l a t ion )   fo rce  tests, f r ee - to - ro l l  tests, 
and f low-visua l iza t ion  tests. A unique  facet  of the  s tudy w a s  the  extreme  level of 
s t a t i c   p i t c h   i n s t a b i l i t y   ( i n   e x c e s s  of nega t ive   32-percent   s ta t ic   marg in)   inherent   in  
the  a i r f rame  design which p rec luded   f r ee - f l i gh t   t e s t ing   w i thou t   s t ab i l i t y  augmenta- 
t i o n   i n   p i t c h .  

The results of t he   cap t ive   ( f ixed  model)  wind-tunnel tests indica ted   tha t   the  
l a t e r a l - d i r e c t i o n a l   s t a b i l i t y   c h a r a c t e r i s t i c s  of the model were determined  primarily 
by the forward-swept wing  and v e r t i c a l  tail a t  low t o  moderate  angles of a t t a c k  and 
by the  fuselage  forehody a t  the  higher  angles of a t t ack .  However,  component i n t e r -  
a c t i o n s  were a l s o  found t o   i n f l u e n c e   t h e s e   c h a r a c t e r i s t i c s   s i g n i f i c a n t l y .  

The r e s u l t s  of t he   f r ee - f l i gh t   s tudy  showed tha t   w i th   s t ab i l i t y   augmen ta t ion   i n  
t h e   p i t c h ,   r o l l ,  and yaw axes,  the model exhib i ted  good dynamic s t a b i l i t y   c h a r a c -  
t e r i s t i c s  up t o  40° angle  of a t t a c k ,  above  which the   f r ee - f l i gh t   t e s t s   cou ld   no t  be 
conducted  because of lack of yaw-control  effectiveness.  The p i t c h   s t a b i l i t y  augmen- 
t a t i o n  system ( S A S )  w a s  found t o  be e f f ec t ive   i n   p rov id ing   t he   r equ i r ed   l eve l  of 
s t a b i l i t y  as long as the re  w a s  s u f f i c i e n t   p i t c h   c o n t r o l   a v a i l a b l e .  With t h e   r o l l  
SAS deac t iva ted ,   the  model exhibited  large-amplitude undamped r o l l   o s c i l l a t i o n s  (wing 
rock)  above 25O angle of a t t ack .  The r o l l  SAS acting  through  the  powerful  f laperons 
e f f ec t ive ly   suppres sed   t he  wing rock  throughout  the test angle-of-attack  range. 

INTRODUCTION 

The potent ia l   advantages of the  forward-swept wing have  been known f o r  some 
time. However, app l i ca t ion  of the  concept  has  not  been  practical  because of the  
s t ruc tu ra l   we igh t   pena l ty   r equ i r ed   t o  overcome the  aeroelastic  divergence  problem. 
Recent  advances i n  composite  materials and a e r o e l a s t i c   t a i l o r i n g   i n d i c a t e   t h a t  a 
forward-swept wing can now be b u i l t   w i t h   l i t t l e   o r  no weight  penalty.   (See 
r e f .  1 . )  To explore  this promising new technology, the Defense Advanced Research 
Projects Agency (DARPA) has  sponsored  the  development  of a research   a i rp lane   (des ig-  
nated as the  X-29A) to   demonst ra te  by f l i g h t  tests the   app l i ca t ion  of the  forward- 
swept-wing concept   to  a f i g h t e r - c l a s s   a i r p l a n e .  

A s  a part of t he   e f fo r t   i n   deve lop ing  forward-swept-wing  technology, DARPA,, the 
Grumman Aerospace  Corporation,  and  the  Langley  Research  Center  are  involved  in a 
broad  cooperative  reseacch program to  invest igate   the  high-angle-of-at tack,  s ta l l ,  
and sp in   cha rac t e r i s t i c s   a s soc ia t ed   w i th   t h i s  advanced  airplane-design  concept. A 
pr imary  object ive is to determine how t h e s e   c h a r a c t e r i s t i c s  are inf luenced by the  
unique s t a l l  progression of the  forward-swept  wing.  Other  objectives of t h e  program 
are to s tudy   t he   e f f ec t s  of s e v e r a l   o t h e r   i n t e r e s t i n g   f e a t u r e s  of the design  includ-  
ing: ( 1  1 a very  high  level  of a i r f rame static p i t c h   i n s t a b i l i t y ,  (2)-  a.  fus.elage 
forebody  ta i lored   for   h igh-angle-of -a t tack   d i rec t iona l   s tab i l i ty ,  ( 3 )  a close-coupled 
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canard  with  large-deflection  capability, ( 4 )  full-span  flaperons, and ( 5 )  an a f t -  
fuselage  strake  flap  for  pitch-control augmentation. 

The present wind-tunnel free-fl ight  investigation was’ conducted to  determine  the 
s t a b i l i t y  and control  characterist ics of the X-29A configuration i n  the low-speed, 
high-angle-of-attack (a) range up to  the s t a l l  (a 40° 1. The s tudy  involved wind- 
tunnel  tests of a 0.1 6-scale model  and included s t a t i c -  and  dynamic- (forced- 
oscillation)  force  tests,  free-to-roll  tests,  flow-visualization  tests, and free- 
fl ight  tests.   Results  are  presented which emphasize the component effects  of the 
various  design  features on the  high-angle-of-attack aerodynamics and the  resulting 
f l igh t   charac te r i s t ics .  

SYMBOLS 

A l l  lorLgitudina1 aerodynamic coefficients  are  referred  to the s tabi l i ty-axis  
system, and al l   la teral-direct ional   data   are   referred  to   the body-axis  system. 
(See f ig .  1.) A l l  force-test  data  are  referred  to a moment reference  center  located 
7 percent i n  front of the wing mean aerodynamic chord. 

wing span, f t  

axial-force  coefficient, Axial  force 

qCOS 

drag coeff ic ient ,  Drag 

qCOs 

l i f t  coeff ic ient ,  - L i f t  

qCOS 

rolling-moment coefficient,  Rolling moment 
qmSb 

pitching-moment coeff ic ient ,  Pitching moment 

X S C  

normal-force coefficient,  Normal force 

qCOs 

yawing-moment coeff ic ient ,  Yawing  moment 
qmSb 

side-force  coefficient, Side  force 

%Os 

chord l ine,  f t 

mean aerodynamic chord, f t  

frequency of osci l la t ion,  Hz 

acceleration due to  gravity, 32.1 52 f t / sec  2 



moments  of i ne r t i a  about X ,   Y ,  and Z axes,  respectively,  slug-ft 2 

imaginary number, ( -1 ) ' I2  

aileron-to-rudder  interconnect  gain 

rol l - ra te  feedback gain  to  aileron,  sec 

rol l - ra te  feedback gain  to  rudder,  sec 

pitch-rate feedback gain to canard,  sec 

yaw-rate  feedback gain  to rudder,  sec 

angle-of-attack feedback gain  to canard 

reduced-frequency  parameter, wb/2V or wc'/2V 

roll   rate,   rad/sec 

pitch  rate,  rad/sec 

f ree-stream dynamic pressure,  lb/f t2 

yaw rate,  rad/sec 

wing reference  area, f t 2  

time,  sec 

time to  one-half  amplitude,  sec 

time to double amplitude,  sec 

free-stream  velocity,  ft/sec 

body reference axes 

angle of attack, deg 

rate  of change of angle of attack,  rad/sec 

angle of s idesl ip ,  deg 

rate  of change of angle of sideslip,  rad/sec 

incremental rolling-moment coefficient 

incremental yawing-moment coefficient 

incremental  side-force  coefficient 

amplitude of pitch  oscil lation, deg 

amplitude of ro l l   osc i l la t ion ,  deg 
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amplitude of yaw osc i l l a t ion ,   deg  

- 
e f fec t ive   a i l e ron -de f l ec t ion   ang le ,  'f, r i g h t  6 f ,  l e f t  

2 I deg 

canard  incidence,  posit ive w i t h   t r a i l i n g  edge down, deg 

canard   inc idence   requi red   for  trim, deg 

f laperon-def lec t ion   angle ,   pos i t ive   wi th   t ra i l ing   edge  down, deg 

p i l o t   s t i c k   i n p u t ,   p e r c e n t  of maximum 

rudde r -de f l ec t ion   ang le ,   pos i t i ve   w i th   t r a i l i ng  edge l e f t ,  deg 

s t r ake - f l ap -de f l ec t ion   ang le ,   pos i t i ve   w i th   t r a i l i ng  edge down, deg 

damping ra t io ,  \ I " W d / w n  2 2  

= sun,  rad/sec 

angular   f requency,   2rf ,   rad/sec 

damped frequency,  rad/sec 

natural   f requency,   rad/sec 

S t a b i l i t y   d e r i v a t i v e s :  

" 

6 r  r - a6 

cz  = - 
P a -  Pb 

2v 

a CI, = - 
B bb a -  2v 

'n 
= -  

6a a a s  

'n 
="- 

6 r  a 6r 

a 'n cn = - 
P 3 -  Pb 

2v 

a 'n = -  
'n; !b 

a -  2v 

acY 
'Y - a6 
" 

B 

acY cy = - 
P a -  Pb 

2v 

acY cy. = - 
B ib a -  2v 
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X, 
c1 = - 

r 3 -  rb 
2v 

a ‘m cm = - 
g a -  qc 2v 

a ‘m c = -  
m -  .- a ac 

2v a -  

acN 
CN = - 

q a -  qc 
2v 

acY cy = - rb 
2v r a -  

CA = - 
g a -  9E 

2v 

IZ 
‘n = C  c o s a - -  C,  s i n  a 

P , dYn IX B 

Abbreviations : 

ARI ai leron-to-rudder   interconnect  

c.g. cen te r  of g r a v i t y  

S AS s tab i l i ty   augmenta t ion   sys tem 

T.E.D. t r a i l i n g  edge down 

T.E.U. t r a i l i n g   e d g e  up 

MODELS AND TESTING  TECHNIQUES 

Models 

Two models were tested  to o b t a i n   t h e   d a t a   p r e s e n t e d   i n   t h i s   r e p o r t :  a f l a t -  
plate 16-percent-scale  model of t h e  X-29A wing planform  and a 16-percent-scale model 
of the  complete X-29A ( r e f e r r e d  to as the  basic  model). The geometry  of the models 
is p r e s e n t e d   i n   f i g u r e  2. The f l a t - p l a t e  wing  model w a s  constructed  of  1/2-in-thick 
plywood  and  had a 1/4-in-radius  leading  edge  and a sharp ,   beve led   t ra i l ing  edge. The 
basic model w a s  cons t ruc ted   p r imar i ly  of  molded f i b e r g l a s s  and is shown i n   f i g u r e  3.  
A sp in-chute   can is te r  that  w a s  t e s t e d   i n  three loca t ions  is shown i n   f i g u r e  4, and a 
set of 40° nose   s t r akes   t ha t  w a s  developed  during  tes t ing is shown i n   f i g u r e  5. 
These s t r a k e s  were t e s t e d   i n   a d d i t i o n  to the s tandard  nose  s t rakes  which are labeled 
i n   f i g u r e   2 ( b ) .   P r e s e n t e d   i n  table I is a summary of the   weight   and   iner t ias ,  geo- 
metric charac te r i s t ics ,   and   cont ro l - sur face   def lec t ions  of the basic model. 

The longi tudina l   cont ro l   sur faces   inc luded   the   canard ,  wing t ra i l ing-edge   f lap-  
erons,  and the fuselage-mounted  strake  f laps.  The canard  provided  the  primary  pitch 
c o n t r o l  of the conf igu ra t ion  and  had a deflection  range  from -6OO to  30°. The 
s t r a k e   f l a p s  are designed to  augment p i t c h  trim and are de f l ec t ed  to t h e   f u l l  
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trailing-edge-down  position  above  about 18O angle  of a t t ack .   In   t he   cu r ren t  
i nves t iga t ion ,   t he  model was tes ted   wi th   the   s t rake   f laps   f ixed  a t  var ious 
de f l ec t ions .  The fu l l - span   f laperons  were designed  to  hinge  simultaneously a t  the  
75- and  90-percent-chord  l ines   according  to   the  re la t ionship  presented  in   f igure 6. 
With the  model in   the  high-angle-of-at tack  configurat ion,   the   f laperons and s t r a k e  
f l a p s  were def lec ted   to   the i r   fu l l -down  pos i t ions  (17.5O and 30°, r e s p e c t i v e l y ) .  
However, the   da ta   p resented  on dynamic s t a b i l i t y   d e r i v a t i v e s  were measured  with  the 
f l ape rons   de f l ec t ed   t o  2 0 ° .  Unless  otherwise  noted, a l l  d a t a   p r e s e n t e d   i n   t h i s  
r e p o r t  were measured  with  the model in   the  high-angle-of-at tack  configurat ion.  

La te ra l -d i r ec t iona l   con t ro l  was provided by the  use of a conventional  rudder 
f o r  yaw con t ro l  and asymmetr ica l ly   def lec ted   f laperons   for   ro l l   cont ro l .   S ince   the  
model w a s  tes ted  in   the  high-angle-of-at tack  configurat ion,   the   f laperons were a t  
t h e i r  full-down  position (17.5O) and r o l l   c o n t r o l  w a s  provided by a s ingle   f laperon  
d e f l e c t i n g  up from t h a t   p o s i t i o n .  

Captive Wind-Tunnel Tests 

Extensive  captive  (fixed  model)  wind-tunnel  tests were conducted  pr ior   to   tes t -  
ing   the  model i n  f r e e   f l i g h t .  The purpose of t h e s e   t e s t s  was to   def ine   the  predom- 
i n a n t  aerodynamic c h a r a c t e r i s t i c s  of the   conf igura t ion   a t   h igh   angles  of a t t ack  and 
to   develop a data   base  to   a id  i n  t he   ana lys i s  of t h e   f r e e - f l i g h t  test results. These 
tests inc luded   s t a t i c -  and  dynamic- ( f o r c e d - o s c i l l a t i o n )   f o r c e  tests, f r ee - to - ro l l  
t e s t s ,  and  f l ow-v i sua l i za t ion   t e s t s  . 

The s t a t i c -  and  dynamic- ( f o r c e d - o s c i l l a t i o n )   f o r c e  tests were  conducted i n  the  
Langley 30- by 60-Foot  Tunnel a t  a  dynamic pressure  of 10 l b / f t  , corresponding  to a 
wing  mean-chord Reynolds number of about 0.68 X 10 . In  these  tests, body-axis 
forces  and moments were measured by using a conventional  strain-gage  balance and  were 
resolved  into  the  appropriate   aerodynamic  coeff ic ients .  The s t a t i c - f o r c e  tests 
included component buildup tests and  measurements of con t ro l   e f f ec t iveness  and  were 
made over an angle-of-attack  range from -90° t o  90° and  an angle-of-s idesl ip   range 
from -3OO to 30°. Data a re   p re sen ted   i n   t h i s   r epor t   ove r  an angle-of-attack  range 
from Oo t o  90° and  an angle-of-s idesl ip   range from -5O t o  5O.  To determine  the 
dynamic s t a b i l i t y   d e r i v a t i v e s ,   f o r c e d - o s c i l l a t i o n   t e s t i n g  was conducted i n  p i t c h ,  
r o l l ,  and yaw. These  measurements  were made a t  an osc i l la t ion   f requency  of 1 Hz 
which r e su l t ed  i n  values of the  reduced-frequency  parameter k of 0.1 5 f o r   t h e   r o l l -  
ing and  yawing tests and of 0.040 fo r   t he   p i t ch ing  tests. 
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To explore   the dynamic r o l l   s t a b i l i t y  of the  model f u r t h e r ,  a s e r i e s  of wind- 
t u n n e l   t e s t s  were  performed  with  the model  mounted on a f ree- to-rol l   apparatus .   This  
test   technique  allowed  the model t o   ro t a t e   f r ee ly   abou t  i t s  r o l l   a x i s  and w a s  used t o  
a s s e s s   t h e   s u s c e p t i b i l i t y  of t he   conf igu ra t ion   t o  undamped ro l l  o s c i l l a t i o n s   a t   h i g h  
angles  of a t t ack  (wing  rock). The da ta  from these tests were p r i m a r i l y   q u a l i t a t i v e ;  
t h a t  is ,  the   observer   v i sua l ly   ident i f ied   the   p resence  and r e l a t i v e  magnitude of the  
o s c i l l a t i o n s .  A more de ta i l ed   d i scuss ion  of t h i s  test technique is contained i n  
re ference  2. 

L imi ted   f low-visua l iza t ion   tes t s  were also  conducted by using  both  tuf t -  and 
helium-bubble  techniques. The t u f t   t e c h i q u e  was used to   s tudy   su r f ace   a i r f low  ove r  
t he  model,  whereas  the  helium-bubble  technique was used to   s tudy   po r t ions  of the 
surrounding  f low  f ie ld .  These tests were conducted in  the  Langley  12-Foot Low-Speed 
Tunne 1. 
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Free-Fl ight  Tests 

The f r e e - f l i g h t  test technique  involves   f lying  the model un res t r a ined   i n   t he  
open-throat test sec t ion  of the Langley 30-  by 60-Foot  Tunnel. A photograph of t he  
model i n   f r e e   f l i g h t  is shown i n   f i g u r e  7, and a schematic  diagram of the  test se tup  
is shown i n   f i g u r e  8. S teady   Ig   f l igh ts  were made a t   a n g l e s  of a t t a c k  from 13O 
t o  40° by varying  the  tunnel  speed from 96 f t / s ec  (q = 11 lb / f  t t o  58 f t / s e c  
(g = 4 l b / f t 2 ) .  The model w a s  remotely  controlled by t h r e e   p i l o t s :  a roll /yaw 
p i l o t ,  a p i t c h   p i l o t ,  and a th rus t   ope ra to r .  Pneumatic  and e l e c t r i c  power and  con- 
trol s i g n a l s  were suppl ied to the  model through a f lex ib le   umbi l ica l   cord  which was 
made up of wires and l i g h t   p l a s t i c   t u b e s .  The umbil ical   chord  a lso  incorporated a 
1/8- in-s teel   safety  cable   that   passed  through a pul ley  above the  test sec t ion .  The 
sa fe ty   cab le  was used to   ca tch   the  model when an uncontrollable  motion  or  mechanical 
f a i lu re   occu r red .  The e n t i r e  umbilical   cord w a s  kep t   s l ack   du r ing   t he   f l i gh t s  by a 
safety-cable   operator   using a high-speed  winch. 

2 

The model was instrumented  with a three-axis  rate gyroscope to  measure angular  
r a t e s  and  a miniatur ized boom-mounted a/B vane senso r   ( f i g .   9 )   t o  measure  angle  of 
a t t a c k  and s i d e s l i p .  These da ta ,   a long   wi th   p i lo t   cont ro l   inputs  and control-surface 
de f l ec t ions ,  were recorded i n  t ime-his tory form on s t r ip -cha r t   r eco rde r s .  Also, 
qual i ta t ive  assessments  of the model f l i g h t   c h a r a c t e r i s t i c s  w e r e  taken i n  the  
form  of  motion p i c t u r e s  and p i l o t  comments. The f l i g h t - c o n t r o l  laws  which included 
s tab i l i ty   augmenta t ion  i n  a l l   t h r e e   a x e s  were programmed i n t o  a d i g i t a l  computer 
which processed  sensor  data and p i lo t   con t ro l   i npu t s   t o   gene ra t e  command s i g n a l s   t o  
dr ive  the  pneumatic   control-surface  actuators  on the model. A more de t a i l ed   d i scus -  
s ion  of the   f ree- f   l igh t   t es t   t echnique  can be found i n  re ference  3. 

RESULTS AND DISCUSSION OF CAPTIVE TESTS 

S ta t i c   Long i tud ina l   Cha rac t e r i s t i c s  

The s t a t i c   l o n g i t u d i n a l   c h a r a c t e r i s t i c s  of the   configurat ion  are   presented i n  
f i gu res  10 t o  13 .  The canard-off  data of f igu re  10 i n d i c a t e   t h a t   t h e  wing i n i t i a l l y  
s t a l l e d   a t   a b o u t  1 2 O  angle of a t t ack .  The wing s t a l l   p a t t e r n  w a s  v i sua l ized  by using 
t u f t s  which showed s ta l led  f low  beginning a t  the  wing roo t  and progressing  outward 
with  increasing  angle of a t t ack .  The tuf t s   a l so   ind ica ted   tha t   smal l   reg ions  of 
attached  f low were  maintained a t  the wing t i p s   t o   ang le s  of a t t ack   we l l  above t h a t  
f o r  maximum l i f t  (a = 40O) .  The pitching-moment  data show tha t   the   conf igura t ion  
without   the  canard  exhibi ts  n e u t r a l  t o   s l i g h t l y   u n s t a b l e   s t a t i c   s t a b i l i t y  i n  the  
angle-of-attack  range  of  primary  interest  i n  t h e   f r e e - f l i g h t  tests ( a  = 15O t o  4 0 ° ) .  
Except   for   large  posi t ive  canard  def lect ions,   addi t ion of the   canard   s ign i f icant ly  
inc reases   t he   l eve l  of i n s t ab i l i t y   €o r   ang le s  of a t t ack  up t o  30° t o  60°,  depending 
on canard  incidence.  This is followed by a s table   break,  which occurs a t  an angle of 
a t t ack  between 3 5 O  t o  60°,  again  depending on canard  incidence. The d a t a   a l s o  show 
the  canard to  be a very  effect ive  pi tch-control   device  over  a  wide angle-of-attack 
range by v i r t u e  of its large  range of t r a v e l .  As shown i n  f i g u r e  11 ,  the model i n  
the  high-angle-of   -a t tack  configurat ion  with  the  c .g .   a t  -0.07E can be trimmed through 
an.  angle-of-attack  range from about loo  to 70°.  For the  angle-of-attack  range of 
p r i m a r y   i n t e r e s t   i n   t h e   f r e e - f l i g h t  tests ( a  = I S 0  t o  40° ) ,  trimmed-canard incidence 
var ied from about 5 O  t o  -35O. 

The da ta  of f i g u r e s  12  and  13 show t h e   e f f e c t  of s t r ake - f   l ap  and  symmetric f l ap -  
e ron   def lec t ions .  As expected,  trail ing-edge-down  strake-flap  deflections  increased 
l i f t  and,  because of the  long moment arm, generated  large nose-down p i tch ing  moments. 
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These devices   a re  shown to  provide  remarkably  constant  pitch-control-moment  incre- 
ments across   the  ent i re   angle-of-at tack  range.   Figure  13 shows t h a t   d e f l e c t i n g   t h e  
f laperons  to 17.5O i n c r e a s e d   l i f t   f o r   a n g l e s  of a t t a c k  up to 30° and  produced  small 
nose-down p i t ch ing  moments because of t h e   r e l a t i v e l y   s h o r t  moment arm. 

S ta t ic  L a t e r a l - D i r e c t i o n a l   S t a b i l i t y   C h a r a c t e r i s t i c s  

The s ta t ic  l a t e r a l - d i r e c t i o n a l   s t a b i l i t y   c h a r a c t e r i s t i c s  of the   conf igura t ion  
are p resen ted   i n   f i gu res  14 t o  22. The s ta t ic  s t a b i l i t y   d e r i v a t i v e s  C y B ~  ‘nB, and 

c1 B 
were computed using a s ides l ip   range  from -5O to 5O. The da ta  of f i g u r e  1 4  

i n d i c a t e   t h a t   t h e   v e r t i c a l   t a i l  began t o   l o s e   e f f e c t i v e n e s s   i n   p r o v i d i n g  s ta t ic  
d i r e c t i o n a l   s t a b i l i t y  ( C  ) a t  an angle of a t t a c k  between 20° t o  25O, depending on 

canard  incidence. The loss i n   v e r t i c a l - t a i l   e f f e c t i v e n e s s  w a s  due t o  a blanket ing 
e f f e c t  of the t a i l  i n   t h e  low-energy s t a l l e d  wake of the  wing.  This  resulted i n  
near -zero   to   s l igh t ly   nega t ive   va lues  of s ta t ic  d i r e c t i o n a l   s t a b i l i t y  i n  the  angle-  
of-attack  range from 30° t o  40°. Above 40°,  however, t he   da t a  show a s t rong   rees tab-  
l ishment of s t a t i c   d i r e c t i o n a l   s t a b i l i t y  which is obviously  not  caused by the  
v e r t i c a l   t a i l .  It  w a s  found t h a t   t h i s  phenomenon was a resu l t  of the  aerodynamics 
associated  with  the  long  slender  forebody  with a r e l a t i v e l y   f l a t   e l l i p t i c a l   c r o s s  
sec t ion .  A t  high  angles of a t t a c k ,  two s t rong   vor tex   shee ts  were shed from the  
pointed  nose. Under s idesl ip ,   the   leeward  vortex was d isp laced  above the  nose, 
whereas  the windward vortex was c lose   to   the   sur face .   (See   f ig .  23.) This  flow 
pattern  probably  produced  suction  pressures on the  windward s i d e  of the  nose  which, 
acting  through  the  long moment arm, produced  the  s tabi l iz ing yawing moments. This 
phenomenon was observed i n  past i n v e s t i g a t i o n s   ( r e f s .  4 and  5, f o r  example ) where  a 
s imilar   type of forebody was tested. 

Also shown i n   f i g u r e  14  are t h e   s t a t i c   l a t e r a l   s t a b i l i t y  ( C ,  ) c h a r a c t e r i s t i c s  

of the   conf igura t ion .  The data i n d i c a t e  a low o r   uns t ab le   d ihed ra l   e f f ec t  up t o  an 
angle  of a t t a c k  between  about So and l o o ,  b u t   v e r y   s t r o n g   l a t e r a l   s t a b i l i t y   a t   t h e  
higher   angles  of a t t a c k .  A s  e x p e c t e d ,   t h e   v e r t i c a l   t a i l  was s t a b i l i z i n g  a t  low 
angles  of a t tack   before   los ing   e f fec t iveness  by a = 30°. 

B 

A comparison of t h e   l a t e r a l   s t a b i l i t y   c h a r a c t e r i s t i c s  of t h e   f l a t - p l a t e  wing 
model with  those of the  complete  configuration  (fig.   15)  indicates  that   the  forward- 
swept wing dominated  the s t a t i c   l a t e r a l   s t a b i l i t y   c h a r a c t e r i s t i c s  of the  complete 
conf igura t ion  below about 30° angle of a t tack.   That  i s ,  the  wing exhib i ted  an 
unstable   dihedral   effect   because of the  negat ive sweep e f f e c t ,  when experiencing 
pr imari ly   a t tached  f low (a 5 loo), and a s t a b l e   d i h e d r a l   e f f e c t ,  when separated 
vortex  f low was dominant ( l o o  a <, 30O). Above 30° angle  of a t t a c k ,  component 
bu i ldup   t e s t s   i nd ica t ed   t ha t  a favorable  aerodynamic  interaction between the  forebody 
and the  canard-wing  combination was respons ib le   for   the   h igh   leve ls  of s t a t i c   l a t e r a l  
s t a b i  li t y  exhib i ted  . 

The e f f e c t  of canard   def lec t ion  on t h e   s t a t i c   l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  
c h a r a c t e r i s t i c s  of the model is p resen ted   i n   f i gu re  16. When def lected  to   lower 
s e t t i n g s  (6c  = Oo) , the  presence of the  canard  significantly  enhanced  both 
lateral  and d i r e c t i o n a l   s t a b i l i t y  up to about 30° angle  of attack. In   th i s   angle-  
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of-attack  range,  tuft-flow  photographs  (fig.  17) i n d i c a t e d   t h a t   f o r  l o w  d e f l e c t i o n s ,  
the  canard  improved  the  f low  f ie ld  a t  t h e   v e r t i c a l  t a i l .  A t  the   h igher   def lec t ions  
(6c = -60°), however, t he   cana rd   con t r ibu ted   t o   t he   b l anke t ing   e f f ec t  of t he  wing, 
thus  causing a degrada t ion   in   bo th  lateral a n d   d i r e c t i o n a l   s t a b i l i t y .  Between 30° 
and 45O angle of a t t a c k ,   t h e   d a t a  of f i g u r e  16 show tha t   cana rd   de f l ec t ion   p r imar i ly  
a f f ec t ed   d i r ec t iona l   s t ab i l i t y .   In   t he   ang le -o f -a t t ack   r ange  from 30° t o  45O, the  
lower  canard  deflections  (6c = Oo and -25O) r e s u l t e d   i n  a deg rada t ion   i n   d i r ec t iona l  
s t a b i l i t y ,  as compared with  the  canard-off  configuration. 

P r e s e n t e d   i n   f i g u r e s  18 and 19 are t h e   e f f e c t s  of f laperon   and   s t rake- f lap  
de f l ec t ions ,   r e spec t ive ly ,  on t h e  s ta t ic  l a t e r a l - d i r e c t i o n a l   s t a b i l i t y   c h a r a c t e r -  
istics. Symmetr ic   f laperon  def lect ion  ( f ig .  18) is shown t o  have a minimal e f f e c t  on 
both lateral  and d i r e c t i o n a l   s t a b i l i t y .  On the   o the r  hand, t h e   d a t a  of f i g u r e  19 
i n d i c a t e   t h a t   s t r a k e - f l a p   d e f l e c t i o n s   h a v e  a s i g n i f i c a n t   e f f e c t  on d i r e c t i o n a l  s ta-  
b i l i t y  up to   abou t  55O angle  of  at tack. B e l o w  25O angle   of   a t tack,   t ra i l ing-edge-up 
s t r ake - f l ap   de f l ec t ions   deg raded   d i r ec t iona l   s t ab i l i t y   cha rac t e r i s t i c s ,   p robab ly  as a 
r e s u l t  of adverse   in te r fe rence   wi th   the   ver t ica l - ta i l   f low  f ie ld .  Between 25O and 
55O angle of a t t a c k ,  however,   trail ing-edge-up  deflections  improved  directional 
s t a b i l i t y  . 

The s ta t ic  s t a b i l i t y   c h a r a c t e r i s t i c s  of the  configuration  with  the  spin-chute 
c a n i s t e r  are p resen ted   i n   f i gu re  20. The d a t a   i n d i c a t e   t h a t   t h e   s p i n - c h u t e   c a n i s t e r  
has a minor e f f e c t  on l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  below 45O angle of a t t a c k   f o r  a l l  
t h ree   l oca t ions   t e s t ed .  

Presented i n  f i g u r e  21 a r e   t h e   e f f e c t s  of adding  the 40°  nose s t r a k e s  on the 
s ta t ic  l a t e r a l - d i r e c t i o n a l   s t a b i l i t y .  As w i l l  be discussed later, these   s t r akes  
were developed t o   i n c r e a s e   r o l l  damping in   the   reg ion  of maximum l i f t .   F i g u r e  21 
i n d i c a t e s ,  however, tha t   they   have  a very   de t r imenta l   e f fec t  on s ta t ic  d i r e c t i o n a l  
s t a b i l i t y .  With the  40° nose  strakes  added, a r e d u c t i o n   i n   d i r e c t i o n a l   s t a b i l i t y  w a s  
measured  above 5O angle of a t t a c k  and negative  values of C were measured a t  

angles  of  attack  above 2 0 ° .  This would i n d i c a t e   t h a t   t h e  40° nose   s t rakes   inh ib i ted  
the  formation of the   d i rec t iona l ly   s tab i l iz ing   vor tex   f low  f ie ld   normal ly   p roduced  by 
the  forebody. Also,  a reduct ion i n  l a te ra l  s t a b i l i t y  above S O 0  angle of a t tack  sug-  
g e s t s   t h a t   t h e  40° nose  strakes  degrade  the  favorable  f low-field  interaction  between 
the  forebody  and  the  canard-wing  combination. 

“ B  

The e f f e c t  of t he  boom-mounted a/$ vane sensor   ( f ig .  9 )  used i n   t h e   f r e e -  
f l i g h t  tests on the  s t a t i c  l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  is p r e s e n t e d   i n   f i g u r e  22. 
The d a t a   i n d i c a t e   t h a t   t h e   p r i m a r y   e f f e c t  of the  sensor  and  attachment boom w a s  t o  
d e g r a d e   s l i g h t l y   t h e   d i r e c t i o n a l   s t a b i l i t y  above 25O angle  of a t t ack .  

Genera l ly ,   the   resu l t s  of t he  s ta t ic  wind-tunnel tests i n d i c a t e   t h a t   t h e  
l a t e r a l - d i r e c t i o n a l   s t a b i l i t y   c h a r a c t e r i s t i c s  of the  configurat ion were not  domi- 
nated by  any  one configurat ion  feature   throughout   the  angle-of-at tack  range.  The 
d i r e c t i o n a l   s t a b i l i t y  w a s  found to  be s t rongly   in f luenced  a t  the  lower  angles  of 
a t t a c k  by t h e   v e r t i c a l  t a i l  and  canards,  whereas  the  forebody  design w a s  found t o  
dominate a t  high  angles   of   a t tack.  The forward-swept wing w a s  p r imar i ly   respons ib le  
f o r   t h e  lateral  s t a b i l i t y   c h a r a c t e r i s t i c s  up to   abou t  30° angle  of  attack;  however, 
t he   cha rac t e r i s t i c s   above  30° angle   of   a t tack  appeared  to  be s t rongly   in f luenced  by 
i n t e r a c t i o n  between the  forebody  and  the  canard-wing  flow  fields. 
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Late ra l -Di rec t iona l   Con t ro l   Cha rac t e r i s t i c s  

The r e s u l t s  of tes t s   conducted   to   de te rmine   the   e f fec t iveness  of t he  lateral- 
d i r ec t iona l   con t ro l   su r f aces   a r e   p re sen ted   i n   f i gu res  24 t o  27. The d a t a   a r e   i n   t h e  
form  of incremental   forces  and moments produced  by a i l e r o n  or rudder   def lect ions.  
Because t h e   l a t e r a l - d i r e c t i o n a l   c o n t r o l   e f f e c t i v e n e s s  was found t o  be somewhat depen- 
dent  on canard  incidence,   data  are presented   for   severa l   canard   def lec t ions .  Shown 
i n   f i g u r e  24 a r e   t h e   e f f e c t s  of f u l l  and i n t e r m e d i a t e   a i l e r o n   ( d i f f e r e n t i a l   f l a p e r o n )  
de f l ec t ions .  As expected,  the  data show t h a t   a t  low angles  of a t tack   the   fu l l - span  
f laperons  provided  large amounts of r o l l   c o n t r o l ;  however, as wing s t a l l  developed a t  
about a = loo, a i l e ron   e f f ec t iveness  w a s  sharply  reduced.   Nonetheless ,   for   the  ful l  
d e f l e c t i o n  a s i g n i f i c a n t  and nea r ly   cons t an t   l eve l  of ro l l - con t ro l   e f f ec t iveness  w a s  
maintained a t  an angle of a t t a c k  from 25O up t o  60°. During  tuf t - f low  s tudies ,  
regions of attached  f low were observed a t   t h e  wing t i p s  a t  angles  of a t t a c k  as high 
as 60°. Thus, it is apparent ly   the  nature  of the  forward-swept-wing s t a l l  progres- 
s ion   to   a l low  the   a i le rons   to   main ta in   e f fec t iveness  up to  very  high  angles of 
a t t a c k .  Comparison  of the two sets of d e f l e c t i o n   d a t a   i n d i c a t e   t h a t   t h e   a i l e r o n  
e f f ec t iveness  was f a i r l y   l i n e a r   w i t h   d e f l e c t i o n  up to   about  a = 30°. Above 30°, 
however, t he   da t a  show tha t ,   p ropor t iona te ly ,   t he   sma l l e r   de f l ec t ion  w a s  much l e s s  
e f f ec t ive   t han   t he   l a rge r   de f l ec t ion .  The yawing-moment r e s u l t s  show t h a t   t h e   a i l e -  
rons  produced  adverse yaw above 15O angle  of a t t a c k ;  however, t he   l eve l  of the  
adverse yawing moments remained relat ively  small   throughout   the  high-angle-of-at tack 
range. 

A s  would be expec ted ,   the   e f fec t  of canard   def lec t ion  on a i l e ron   e f f ec t iveness  
w a s  found t o  result from  changes i n   t h e  wing f low  f ie ld .  Comparison of d a t a   f o r  
6 = Oo to  canard-off   data   in   f igure 25 i nd ica t e s   t ha t   t he   cana rd   s ign i f i can t ly  
enhances  the  a i leron  effect iveness   in   the  angle-of-at tack  range from loo to 60°. 
This   e f f ec t  w a s  probably  due  to  the  canard  improving  the  flow  over  the  inboard  por- 
t i o n  of the wing. The d a t a   f o r  g C  = -25O and -6OO i nd ica t e   t ha t   t he   h ighe r   cana rd  
de f l ec t ions   r educed   o r   e l imina ted   t h i s   bene f i c i a l   e f f ec t   e i t he r  by d i r e c t l y   b l a n k e t -  
ing  the  inboard  sect ion of the  wing wi th   s ta l led   f low from the  canard or by simply 
promoting wing s t a l l  by increas ing  upwash. 

C 

Presented i n  f i gu re  26 are   the  incremental   forces  and moments due t o  one-half 
and f u l l  rudder   def lect ions.  The da ta  show tha t   the   rudder   e f fec t iveness   de te r io-  
r a t ed  as wing s ta l l  developed, and it reached  'very low values  by approximately 
40° angle of a t t ack .  A s  d i scussed   p rev ious ly ,   t h i s   e f f ec t  w a s  p r imar i ly  due t o   t h e  
b lanket ing  of t h e   v e r t i c a l   t a i l   i n   t h e  low-energy s t a l l e d  wake  of the wing. The 
e f f e c t  of the  canard on rudder power ( f i g .  27) appears   to  be very   cons is ten t   wi th  
the  canard  effects  on d i r e c t i o n a l   s t a b i l i t y   d i s c u s s e d   e a r l i e r .  The canard a t   z e r o  
inc idence   s ign i f i can t ly  enhanced  rudder  effectiveness by suppressing wing s ta l l  and 
therefore  improving  the  flow a t  t h e   v e r t i c a l  tail. Unloading  (downloading)  the 
canard   reduced   th i s   benef ic ia l   e f fec t .  

Dynamic S t a b i l i t y   D e r i v a t i v e s  

The e f f e c t s  of the  canard on the dynamic l o n g i t u d i n a l   s t a b i l i t y   d e r i v a t i v e s  
obta ined   dur ing   p i tch ing-osc i l la t ion  tests a r e  shown i n   f i g u r e  28. The canard-off 
conf igura t ion   exhib i ted   s tab le   p i tch-damping   charac te r i s t ics  up t o  a = 70°, which 
suggests   that   the   fuselage  s t rakes   provided much of the  damping exhib i ted  by the  
complete  configuration.  Addition of the  canard had t h e   s t r o n g e s t   e f f e c t  a t  low 
angles  of a t t a c k  (a < 15O) and less s i g n i f i c a n t   e f f e c t s  a t  higher   angles  of a t t ack .  
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The dynamic l a t e ra l -d i r ec t iona l   s t ab i l i t y   de r iva t ives   ob ta ined   du r ing   fo rced -  
o s c i l l a t i o n  tests i n  ro l l  are p resen ted   i n   f i gu res  29 to  31.  The da ta   o f   f igure  29 
show that  the r o l l  damping decreased above a = l o o  with  the  onset  of wing s ta l l  
such  that   unstable  damping w a s  encountered  above 20° angle  of a t tack .  With the 
canard removed, t he   da t a  show highly  unstable   values  of C, + C,. s i n  a t h a t .  were 

P B 
measured in   the  angle-of-at tack  range from 30° t o  45O, where the  slender  forebody 
produced  the  s t rong  vortex  f low  f ie ld  that dominated s ta t ic  s t a b i l i t y   c h a r a c t e r i s t i c s  
as discussed earlier. A s  expected  because of delayed  wing-tip s ta l l ,  t he   da t a  of 
f i g u r e  30 show stable roll damping for   the  f la t -plate   forward-swept  wing i n  the 
angle-of-attack  range  from 30° to 40°. The severe loss of roll damping- exhib i ted  by 
the  complete  configuration  above a = 20° i s ,  t h e r e f o r e ,   n o t   a t t r i b u t a b l e   t o  the 
wing planform.  Comparison  of these resu l t s   wi th   those  of p a s t   i n v e s t i g a t i o n s  (see, 
f o r  example, r e f .  4 )  of other   configurat ions  having a similar forebody  s t rongly 
suggests  that   the  forebody  aerodynamics  dominated  the  roll  damping at high  angles of 
a t t a c k  and  caused  the  unstable   character is t ics .  The da ta  of f i g u r e  29 i n d i c a t e   t h a t  
addi t ion  of the  canard a t  appropriate   def lect ions  can  reduce  the  severi ty   of   the  
i n s t a b i l i t y   b u t   n o t   e l i m i n a t e  it. 

I n  an  a t tempt   to   f ind  solut ions  to   this   rol l -damping  problem, a number of fore- 
body s t r akes  w e r e  inves t iga ted   wi th   the   idea   tha t   they   could   s ign i f icant ly  a l t e r  the 
vor tex   f low  f ie ld   shed  from the  forebody and therefore  improve r o l l  damping. The 
design  that   provided  the most  improvement was the  40° nose s t rake   d i scussed  ear l ier .  
(See  f ig .  5 . )  As shown i n   f i g u r e  31 , this s t r a k e  enhanced r o l l  damping in   the   angle-  
of-attack  range from 20° t o  40°; nonethe less ,   overa l l  damping  remained  very low i n  
t h i s  angle-of  -attack  range. 

The poor  roll-damping  characterist ics  coupled  with  strong s t a t i c  la te ra l  sta- 
b i l i t y  and a h i g h   i n e r t i a   r a t i o  of yaw t o   r o l l  ( I  /I IO) would be expec ted   to  
make the   s tudy   conf igu ra t ion   suscep t ib l e   t o  undamped r o l l   o s c i l l a t i o n s ,   r e f e r r e d   t o  
as wing rock,  above 20° angle  of a t t ack .  To e x p l o r e   t h i s  phenomenon fu r the r ,   f r ee -  
t o - ro l l  tests were conducted  and a summary of   the  resul ts   obtained is presented   in  
t a b l e  11. The ro l l   mo t ions  of the  complete  configuration were found t o  be l i g h t l y  
damped by a = 20°. As angle of a t t a c k  was fur ther   increased ,  limit cycle (undamped) 
wing rock was observed  which  began a t  a = 25O and  reached  large  amplitudes 
( A +  > k25O) above a = 35O. A l s o ,  removal of the   canard ,   ver t ica l  tail, or wing 
ind iv idua l ly   d id   no t   fundamenta l ly   a l te r   the  wing-rock c h a r a c t e r i s t i c s .  These 
r e s u l t s  provide  fur ther   evidence  that   the   aerodynamics of the  fuselage were the  
source of t h e   u n s t a b l e   r o l l  damping exhib i ted  by the tes t  configurat ion.  Tests with 
the  40° nose s t r a k e s  showed that   a l though  the  s t rake  reduced  the  ampli tude of the  
wing rock, it d id   no t   e l imina te  it. 

z x  

The r e s u l t s  of t he   fo rced -osc i l l a t ion  tests i n  yaw are presented   in   f igures  32 
and 33. Figure 32 shows tha t   w i th   t he   cana rd   de f l ec t ed   t o  -25O, t h e   v e r t i c a l  t a i l  
provided a s t a b i l i z i n g   i n c r e m e n t   t o   t h e  yaw-damping de r iva t ive  C - C . cos a 

"r "B 
throughout   the  angle-of-at tack  range  tes ted.  The da ta  of f i g u r e  33 show t h a t   t h e  
canard had t h e   g r e a t e s t   e f f e c t  on yaw damping  between angles  of a t t a c k  of about 25O 
and  50°.  In this   angle-of-at tzck  range,   the   best  yaw-damping c h a r a c t e r i s t i c s  were 
obtained a t  the  moderate  canard  deflections ( 6  = -25O), probably as a r e s u l t  of 
i n c r e a s e d   v e r t i c a l - t a i l   e f f e c t i v e n e s s .  

C 
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FREE-FLIGHT-MODEL CONTROL LAWS 

Based on the s ta t ic  and  dynamic  wind-tunnel da ta   d i scussed  earlier, it was obvi- 
ous that the model would be unf lyab le   w i thou t   s t ab i l i t y   augmen ta t ion   i n   t he   p i t ch  
ax i s   ana   t ha t  it cou ld   bene f i t   g rea t ly  from augmentation  in ro l l  and yaw. A s  a 
r e s u l t ,  a three-axis   s tabi l i ty   augmentat ion  system (SAS) w a s  developed. The SAS 
gains  were de f ined   fo r   t he   fu l l - s ca l e   a i rp l ane  by us ing   s tandard   l inear -ana lys i s  
techniques,  and then  they were dynamical ly   scaled  for   implementat ion  in   the model 
control   system.  Although  the  handl ing-qual i ty   specif icat ions of MIL-F-8785B(ASG) 
( r e f .  6 )  do no t   app ly   d i r ec t ly   t o '   h igh -ang le -o f -a t t ack   f l i gh t   cond i t ions ,  these 
s p e c i f i c a t i o n s  were used i n   t h e  SAS design  process as rough gu ide l ines   fo r   de f in ing  
desired  f requency and  damping c h a r a c t e r i s t i c s .  For  example, f i g u r e  34 i l l u s t r a t e s  
the  procedure  used  to   def ine  the  pi tch-axis   augmentat ion  for   Ig   f l ight  a t  30° angle  
of   a t tack.  Note tha t   the   resu l t s   p resented   cor respond to the   fu l l - s ca l e  airplane 
c h a r a c t e r i s t i c s .  Because  of the   h ighly   uns tab le  s ta t ic  characteristics, the  basic 
airframe  short-period mode was aperiodic   with a time to double  amplitude of 0.85 sec. 
A s  shown in   the   roo t - locus   p lo t ,  a SAS using  angle  of a t t a c k  and pi tch-rate   feedbacks 
can  provide the desired  short-period  frequency and  damping c h a r a c t e r i s t i c s .  The 
feedback  gains shown (Ka = -2.0 and = -1 .O sec) were sca l ed  and  used i n  the 
base l ine   p i t ch  SAS th roughou t   t he   f r ee -   l i gh t  tests. A d i scuss ion  on the   l inear -  
analysis   technique and the  use  of the  root-locus  plot   can be found in   r e f e rence  7. 

2 
A corresponding  example  for  augmentation of the Dutch r o l l  mode is shown i n  

f i g u r e  35. A t  a = 30°, the basic airframe Dutch r o l l  mode was undamped, pr imar i ly  
because of the   uns tab le   ro l l -damping   charac te r i s t ics   d i scussed  earlier. The root- 
l o c u s   p l o t   i n d i c a t e s   t h a t   t h e   d e s i r e d  Dutch r o l l   c h a r a c t e r i s t i c s   c o u l d  be obtained 
through  roll-damping  augmentation by def lec t ing   the   a i le rons   wi th   ro l l - ra te   feedback  
a t  a f a i r ly   h igh   ga in .  

The three-axis   s tabi l i ty   augmentat ion  system  developed  for   the  f ree-f l ight  tests 
is summarized i n   f i g u r e  36 and is given  in   the  fol lowing table: 

In   add i t ion   t o   t he   p i t ch  and ro l l   channels   d i scussed   prev ious ly ,  a yaw SAS com- 
p r i s i n g  yaw and ro l l - ra te   feedbacks  w a s  a l s o  implemented. The yaw-rate  feed- 
back ( K r  = 2.0 sec) augmented yaw damping,  and the   ro l l - ra te   feedback  
(Kpr = -0.4 sec) enhanced roll coordinat ion.  An ai leron-to-rudder   interconnect  ( A R I )  
w a s  a l s o  implemented t o  improve r o l l   c o o r d i n a t i o n  a t  high  angles   of   a t tack by causing 
the model t o   r o l l  more near ly   about  its veloc i ty   vec tor .  The e f f e c t  of the A R I  on 

1 2  



Posi t ive  values  of th i s   parameter   ind ica te  a normal ro l l   r e sponse ,  and negat ive 
va lues   ind ica te  a reversed  response. The da ta  of f igu re  37 i nd ica t e   t ha t   w i thou t   t he  
ARI, the  model  would e x h i b i t  a reversed  response  to a l a t e ra l - con t ro l   i npu t  above 
about 30° angle  of attack  because of a i le ron   adverse  yaw. With the add i t ion  of the 
A R I  (KARI = 2.31, however ,   the   da ta   ind ica te   tha t  normal  response  could be achieved 
up t o  40° angle  of a t t ack .  The reduct ion   in   the  ARI-on LCDP values  above a = 30° 
was due to the  combination of a i le ron   adverse  yaw and loss in   rudder   e f fec t iveness .  
Based on these  results, it would  be expec ted   t ha t   t he   l a t e ra l -d i r ec t iona l   con t ro l  of 
the model i n  yaw and r o l l   i n   f r e e   f l i g h t  would degrade  rapidly above 30° angle  of 
a t t ack  and be marginal by a = 40°. 

It should be noted  that   the  aforementioned  control laws  were developed  to meet 
only  the  requirements  dictated by t h e   r e s t r i c t e d   t e s t   c o n d i t i o n s  of t h e   f r e e - f l i g h t  
tes t   t echnique  - t h a t  is ,  r e l a t i v e l y   s m a l l  motion per turbat ions  about  a l g  wings- 
l e v e l   f l i g h t   c o n d i t i o n .  As a r e s u l t ,   t h e   c o n t r o l  laws der ived   a re   fa i r ly   s imple .  
The design of con t ro l  laws for   the  ful l   h igh-angle-of-at tack  envelope of a highly 
maneuverable a i rplane  such  as   the X-29A r equ i r e s   t ha t  many o the r   f ac to r s  be addressed 
which w i l l  inherent ly   complicate   the  f inal   design.  A de ta i l ed   d i scuss ion  of some of 
the  factors   involved i n  the  design of high-angle-of-attack  control laws is presented 
i n  reference 8. 

RESULTS AND DISCUSSION OF FREE-FLIGHT TESTS 

Baseline  Configuration 

The pr imary  configurat ion  invest igated i n  t h e   f r e e - f l i g h t   t e s t s  w i l l  be 
r e fe r r ed   t o   a s   t he   base l ine   conf igu ra t ion  and is defined  as  follows: 

c.g. = -0.12c 
- 

6 f  = 17.5O 

6 s  = 30° 

SAS on; ARI on 

Long i tud ina l   cha rac t e r i s t i c s . -  The l o n g i t u d i n a l   s t a b i l i t y  and control   charac-  
t e r i s t i c s  of the   base l ine   conf igura t ion  were  found t o  be good a t   a n g l e s  of a t t a c k  
from 20° up t o   t h e  maximum a t t a i n e d   i n  the. t e s t s  ( 4 0 O ) .  The model was easy t o   f l y  
and appea red   t o   t he   p i lo t   t o  have good s t a t i c   s t a b i l i t y  and  damping c h a r a c t e r i s t i c s .  
These r e s u l t s   v e r i f i e d   t h a t   t h e   p i t c h  SAS w a s  e f f e c t i v e   i n  masking the  high  level  of 
i n h e r e n t   i n s t a b i l i t y  of the   bas ic   a i r f rame.  The o n l y   i n d i c a t i o n s   t o   t h e   p i l o t   t h a t  
he w a s  f l y i n g  a h ighly   uns tab le   conf igura t ion  were the v a r i a t i o n  of trimmed-canard 
d e f l e c t i o n  w i t h  angle  of a t t a c k  and the  unusual   level  of canard   ac t iv i ty   apparent  
a t  a l l   f l i g h t   c o n d i t i o n s .  I t  w a s  observed   tha t   dur ing   f l igh t ,   the   canards  w e r e  
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cons tan t ly   undergoing   re la t ive ly  small de f l ec t ions   abou t  the trim se t t ing ,   even  
during  per iods  without  p i l o t  p i t c h   i n p u t s .   T h i s   c h a r a c t e r i s t i c   r e s u l t e d  from t h e  
f ac t  tha t   the   h igh-ga in   p i tch  SAS was t o t a l l y   r e s p o n s i b l e  for the   a i rp l ane   p i t ch  
s t a b i l i t y  and the re fo re  had to  respond to  a l l  dis turbances,   such as those  caused  by 
turbulence or coupl ing from the  roll /yaw  axes.  

Despite the  constant  motion, however, the  canard-deflect ion ( s l e w )  rates 
observed   in   the   f ree- f l igh t  tests were not   high.  Maximum slew rates did  not  exceed 
100°/sec  (40°/sec f u l l  scale).  I t  should be no ted ,   however ,   t ha t   t he   l g   f l i gh t  
condition  of  the tests did  not   provide  the most severe tes t  of  canard slew-rate 
requirements. It  would be expec ted   tha t  much higher  rates would be needed  during 
rapid,  large-amplitude  maneuvers  such  as  those  encountered  during  close-in air-to- 
a i r  combat. 

An u n d e s i r a b l e   c h a r a c t e r i s t i c   n o t e d   i n   t h e   f l i g h t  tests w a s  a lack  of  adequate 
nose-up p i t c h   c o n t r o l  a t  angles  of a t t a c k  below  20°. The trimmed-canard s e t t i n g   f o r  
these   condi t ions  w a s  approximately  zero  and, as shown i n   f i g u r e   1 0 ,   v e r y  l i t t l e  nose- 
up p i t ch ing  moment could be generated by t r y i n g  to i n c r e a s e   l i f t  on the  canard  ( load 
the   cana rd   fu r the r )   s ince   t ha t  would only promote canard s t a l l .  A possible so lu t ion  
t o   t h i s  problem would be to ob ta in   add i t iona l  nose-up c o n t r o l  moment by making the  
s t rake   f lap   an   ac t ive   p i tch-cont ro l   device .  As discussed earlier, t h e   s t r a k e   f l a p s  
provide a nea r ly   cons t an t   l eve l  of control   effect iveness   throughout   the  angle-of-  
attack  range.  Further  improvements  could  also be obtained by modifying  the  strake- 
f l ap   de f l ec t ion   s chedu le  so t h a t   f u l l  nose-down d e f l e c t i o n  is not   reached   un t i l  a 
is approximately  30°. 

In   c los ing   t he   d i scuss ion  of l o n g i t u d i n a l   c h a r a c t e r i s t i c s ,  it i s  a p p r o p r i a t e   t o  
note  that   the  accomplishment of t he   f r ee - f l i gh t  tests of t he  X-29A model represents  
s e v e r a l  f irsts for t h e   s t a l l / s p i n   r e s e a r c h  program a t  Langley.  This work i s  the 
f i r s t  time t h a t  a dynamical ly   scaled,   remotely  pi loted  f ree-f l ight  model has  been 
successful ly   f lown up through  the s t a l l  with  such a high level of   a i r f rame  pi tch 
i n s t a b i l i t y   ( i n  excess of -32 pe rcen t ) .  It  is also t h e   f i r s t  time tha t   such  a high 
l e v e l  of  dependence  has  been  placed on the  automatic   s tabi l i ty   augmentat ion  system 
f o r   s a t i s f a c t o r y   f l i g h t   c h a r a c t e r i s t i c s .  The r e s u l t s  of  the tests i n d i c a t e   t h a t  
a i rp lane   des ign  is feas ib le   for   very   h igh   leve ls  of a i r f r a m e   p i t c h   i n s t a b i l i t y  as 
long as there  is  adequate   pi tch-control  power and sensor   information  to   provide  the 
necessary  levels   of   s tabi l i ty   augmentat ion.  

La te ra l -d i r ec t iona l   cha rac t e r i s t i c s . -  The p o s s i b i l i t y  of d i r ec t iona l   d ive rgence  
d u r i n g   f l i g h t  a t  high  angles   of   a t tack is normally  examined  by means of  the  dynamic 
d i r e c t i o n a l   s t a b i l i t y  parameter Cn . (See  ref .  9.) Negative  values  of  this 

B , d P  
parameter   indicate   the  exis tence  of  a d i rec t iona l   d ivergence .   Values  of Cn 

B , dyn 
ca l cu la t ed  from the   s ta t ic   wind- tunnel   da ta   d i scussed  ear l ie r  are p resen ted   i n   f i g -  
ure  38.  Because  canard s e t t i n g  had a s i g n i f i c a n t   e f f e c t  on C , the  Cn 

"B B, dYn 
values were computed  based on the   canard   def lec t ion   requi red   for  trim a t  each  angle 
of  at tack. I t  is s e e n   t h a t  Cn remained pos i t ive   th roughout   the  tes t  angle-of- 

a t t ack   r ange ,   t hus   i nd ica t ing   t ha t  a d i r ec t iona l   d ive rgence  would not  be encountered 
during  the f r e e - f   l i g h t  tests. 

B , dYn 

The l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  and cont ro l   charac te r i s t ics   observed   for   the  
base l ine   conf igura t ion  are summarized i n   f i g u r e  39. B e l o w  about  25O angle   of   a t tack,  
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t he  model w a s  ea sy   t o   f l y ,   t hus   exh ib i t i ng  good s t a b i l i t y   c h a r a c t e r i s t i c s  and high 
con t ro l   e f f ec t iveness .  It w a s  noted,  however, t h a t   t h e  yaw motions were somewhat 
unsteady, as i f  the model w a s  always  being  excited by small d i s turbances   in  yaw. 
These  disturbances  could  have  resulted from seve ra l   f ac to r s   such  as tunnel  turbu- 
lence; however, it is f e l t   t h a t   t h e   c o n s t a n t   c a n a r d  motion  discussed earlier may a l s o  
have contributed  because of the   s t rong   in f luence  of the  canard on t h e   v e r t i c a l - t a i l  
f l o w   f i e l d .   I n  the angle-of-attack  range from 25O t o  35O, mild  nose  wandering was 
encountered,  probably as a r e s u l t  of loss of s t a t i c  d i r e c t i o n a l   s t a b i l i t y .   ( S e e  
f i g .  16.) The nose  wandering,  coupled  with  degrading  rudder  effectiveness (see 
f ig .  2 7 )  , i nc reased   t he   p i lo t  work load   r equ i r ed   t o   f l y   t he  model. Nonetheless, 
the  f l ight  motions  remained well-damped  and there  w a s  still s u f f i c i e n t  lateral-  
d i r e c t i o n a l   c o n t r o l   e f f e c t i v e n e s s .  Above 35O angle of a t t a c k ,  however, the  rudder 
e f f ec t iveness  had degraded  to  a po in t  where con t ro l  of the  model became marginal  and 
p i l o t  work load w a s  very  high.  Generally,   near 40° angle of a t t a c k ,   c o n t r o l  of t he  
model w a s  l o s t   i n  a slow la te ra l  t r ans l a t ion   ou t  of the j e t  a g a i n s t   f u l l   c o r r e c t i v e  
cont ro l .  To e l imina te   t he   poss ib i l i t y   t ha t   t he   a i l e ron   adve r se  yaw w a s  causing  the 
d e p a r t u r e ,   f l i g h t s  were made wi th   the   a i le ron   deac t iva ted  so tha t   t he   rudde r  was the 
on ly   l a t e ra l -d i r ec t iona l   con t ro l .  Loss of con t ro l  w a s  a lso  experienced  near  40° 
angle of a t t ack ,   t hus   fu r the r   con f i rming   t ha t  loss of rudder   e f fec t iveness  w a s  the  
primary  cause of the  divergence. 

E f fec t  of S t a b i l i t y  Augmentation Systems 

P i tch   ax is . -  The e f f e c t  of the  pi tch  s tabi l i ty   augmentat ion  system (SAS) on 
t h e   l o n g i t u d i n a l   f l y i n g   c h a r a c t e r i s t i c s  of the model w a s  evaluated by successively 
reducing  the  angle-of-attack and pitch-rate  feedback  gains.  Presented i n   f i g u r e  40 
a r e  time h i s t o r i e s  of f l i g h t s  made with  the  basel ine SAS and with  the SAS gains 
reduced by 50 percent .  W i t h  the   base l ine  SAS, it is seen   tha t   the   longi tudina l  
motions of the model were well-behaved. Small  per turba t ions   in   angle  of a t t a c k  and 
p i t c h  rate were experienced, and t h e   p i t c h   p i l o t  was r equ i r ed   t o  make only  very small 
inputs   to   maintain  the model i n   t he   des i r ed   a r ea  of t h e   t e s t   s e c t i o n .  With the SAS 
gains  reduced by 50 percent ,  however, the time h i s t o r i e s  show signif icant ly   degraded 
cha rac t e r i s t i c s .   Desp i t e  numerous r a p i d   p i l o t   i n p u t s ,   p i t c h   c o n t r o l  of the model was 
very  poor as ind ica ted  by the   l a rge   excurs ions   in   angle  of a t t ack .  It w a s  found t h a t  
the model could be flown  with  pitch SAS gains less than 50 percent  of the   base l ine  
values;  however,  the p i l o t  work load w a s  extremely  high and the model pitch  excur- 
s ions  were too   la rge   to   a l low  e f fec t ive   eva lua t ion  of i t s  l a t e r a l - d i r e c t i o n a l  
c h a r a c t e r i s t i c s .  

R o l l  axis.-  The e f f e c t  of t h e   r o l l  SAS w a s  s tud ied  by  making f l i g h t s   w i t h  
reduced r o l l  SAS gains  and  with  the  rol l  SAS deact ivated.   Figure 41 presents  a sum- 
mary of the model l a t e r a l - d i r e c t i o n a l   c h a r a c t e r i s t i c s  when f lown  without   the  rol l  
SAS. Below 20° angle  of a t tack ,   the  model exhib i ted  good f l y i n g   c h a r a c t e r i s t i c s ,  
al though damping i n  ro l l  w a s  no t iceably  lower  than t h a t  of the  basel ine  configura-  
t ion .  Above  20° angle of attack,  small-amplitude,  undamped r o l l   o s c i l l a t i o n s  were 
encountered which increased p i lo t  work load.  Control of the model became marginal 
above about 25O angle  of a t t ack ,  and loss of cont ro l   usua l ly   occur red  by 30° angle  
of at tack  because of large-amplitude wing rock. 

The rapid  bui ldup of t he  wing rock w a s  s tud ied  by making f l i g h t s   i n  which t h e  
r o l l  SAS w a s  deac t iva ted   for   shor t   per iods  of time. Dur ing   t hese   pe r iods ,   ro l l   p i lo t  
inputs  were a l s o   k e p t   t o  a minimum to   avo id   a f f ec t ing   t he  damping c h a r a c t e r i s t i c s   o f  
t he  model. Presented   in   f igure  42 are time h i s t o r i e s  measured during one  of these 
f l i g h t s  a t  a trim angle  of a t t a c k  of about 25O. S h o r t l y   a f t e r   d e a c t i v a t i o n  of t he  
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r o l l  SAS (t  = 7 s e c ) ,  wing rock was encountered  with  the  motions  rapidly  increasing 
in  amplitude.  Comparison of the  p and r traces show t h a t   t h e   o s c i l l a t i o n s  were 
p r imar i ly   abou t   t he   ro l l   ax i s  and the re fo re  were very similar to   those  observed  in  
the   f r ee - to - ro l l  tests. At t 18 s e c ,   r e a c t i v a t i o n  of t h e   r o l l  SAS was necessary 
to prevent  loss of con t ro l  .of the  model. I t  is seen that t h e   r o l l  SAS very  quickly 
suppressed  the wing-rock  motion. Flights  conducted  with  reduced  roll  SAS gains  
showed t h a t   s a t i s f a c t o r y   f l y i n g   c h a r a c t e r i s t i c s   c o u l d   n o t  be achieved  with more than 
a 50-percent  reduction of t he   base l ine   ro l l  SAS gain. 

The aforementioned resul ts  confirmed  the  predictions of the   forced-osc i l la t ion  
and f r e e - t o - r o l l   t e s t s  and v e r i f i e d   t h a t  a h igh-ga in   ro l l  SAS could  suppress  the wing 
rock  inherent   in   the  a i r f rame.  

Yaw axis.-  As expec ted ,   deac t iva t ing   the  yaw SAS s igni f icant ly   reduced   the  yaw 
damping of the model  which made it more d i f f i c u l t   t o   f l y .  The unsteadiness  of the  
yaw motions were magnified and p i l o t  work load  increased  accordingly.  However , 
el iminat ing  the yaw SAS d id   no t   s ign i f i can t ly  al ter the  wing-rock c h a r a c t e r i s t i c s   o r  
t h e   a b i l i t y   t o   f l y   t h e  model  up t o   t h e  maximum l i f t  reg ion   before   cont ro l  was l o s t  
because of lack of rudder   effect iveness .  

Conf i g u r a t i o n   E f f e c t s  

In   add i t ion   t o   t he   base l ine   conf igu ra t ion ,   f l i gh t s  were a l s o  made t o  determine 
t h e   e f f e c t s  of the   sp in-chute   can is te r   (a t   th ree   loca t ions)  , the 40° nose s t r a k e s ,  
the   cen ter -of -gravi ty   loca t ion ,  and the   s t r ake - f   l ap   de f l ec t ion .  

The f l i g h t   c h a r a c t e r i s t i c s  of the  model with  the  addi t ion of the  spin-chute 
c a n i s t e r   i n  any of the   th ree   loca t ions  were  found t o  be very similar to   the  charac-  
t e r i s t i c s  of the   base l ine   conf igura t ion .   This   resu l t   agrees   very   wel l   wi th   the   smal l  
e f f e c t s   s e e n   i n   t h e   s t a t i c   w i n d - t u n n e l   t e s t s   d i s c u s s e d   e a r l i e r .  

The f l i g h t   c h a r a c t e r i s t i c s   o b s e r v e d  when the  40° nose  s t rakes  were  added a l s o  
correlated  wel l   wi th   the  s ta t ic   wind-tunnel   data ,  which  showed t h a t   t h e   s t r a k e s  
produced a large  degradat ion i n  d i r e c t i o n a l   s t a b i l i t y  above l o o  angle of a t t ack .  
(See f i g .  21 .) I n   t h e   f r e e - f l i g h t   t e s t s ,   t h i s   e f f e c t  was manifested i n  the form of 
"nose  wandering" i n  yaw which became qu i t e   s eve re  above about 20° angle  of a t tack .  
The model could  not be flown  above 25O angle  of attack  because of t h i s  problem. 
Thus,  the 40° nose s t r akes  do not  appear  to be a n  accep tab le   so lu t ion   t o   t he  wing- 
rock  problem. 

The f r e e - f l i g h t  results f o r   t h e   e f f e c t s  of c.g. l oca t ion  and s t r a k e - f l a p   s e t t i n g  
can  best  be analyzed by examining  the s t a t i c  trimmed-canard va r i a t ions   fo r   t hese  
cases.   Presented i n  f i gu re  43 a r e  s ta t ic  trimmed-canard var ia t ions  with  angle  of 
a t t ack   fo r   t he   base l ine   conf igu ra t ion  (6, = 30° and  c.g. = -0.12c) and €or two 
other  combinations of s t r a k e - f l a p   s e t t i n g  and c .g .   locat ion.  The da ta  show s i g n i f i -  
can t   changes   i n   s t a t i c  trimmed-canard set t ings  because of  a 5-percent a f t  c.g. s h i f t  
o r  a 30° change i n   s t r a k e - f l a p   s e t t i n g .  As d i scussed   ea r l i e r ,   c ana rd   s e t t i ng  had  a 
s u b s t a n t i a l   e f f e c t  on s t a t i c   d i r e c t i o n a l   s t a b i l i t y  and rudder   effect iveness .  
Unloading  the  canard had the   fo l lowing   e f fec ts :  ( 1 )  It degraded C be  low 

a = 30° and  enhanced  above 30°; and ( 2 )  it degraded C throughout  the 
"B 

"6r 
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test  angle-of-attack  range. The n e t   e f f e c t  on d i r e c t i o n a l   s t a b i l i t y  is shown i n   f i g -  
ure  44, which  compares trim for   the   th ree   conf igura t ions   d i scussed   prev ious ly .  

These same e f f e c t s  were observed   in   the   f ree- f l igh t  tests of t h e   a f t  c.g.  location 
(-0.07c) and/or   of   zero  s t rake-f   lap  def lect ion.  For  example, for   the  worst-case 
configuration  combining  aft   c.g.  and 6 s  = Oo (conf igura t ion  31, nose  wandering 
i n  yaw (degradation  of C ) w a s  observed  to  begin a t  a lower angle  of a t t a c k  and t o  

be more severe below a = 30° t han   t ha t   fo r   t he   base l ine   conf igu ra t ion .  However, 
above a = 30° a reduction  in  nose  wandering was observed, which r e f l ec t ed   t he  
h igher   l eve ls  of as compared with  those of the  basel ine  configurat ion.   (See 

f i g .  44.) Nonetheless,  the  degraded  rudder  effectiveness of conf igura t ion  3 gener- 
a l l y   l e d   t o  loss of c o n t r o l   a t   a n g l e s  of a t t ack  somewhat lower  than 40°.  

c"B 

"B 

c"B 

SUMMARY OF RESULTS 

The results of a wind- tunnel   f ree- f l igh t   inves t iga t ion  of the  high-angle-of- 
a t t a c k   c h a r a c t e r i s t i c s  of a forward-swept-wing f igh te r - a i rp l ane   conf igu ra t ion  may 
be summarized as  follows: 

1 .  The model exhib i ted  good  dynamic s t a b i l i t y   c h a r a c t e r i s t i c s  up t o  40° angle 
of a t tack   wi th   s tab i l i ty   augmenta t ion  i n  p i t c h ,   r o l l ,  and yaw. F l i g h t   a t   h i g h e r  
angles  of a t t a c k  was not  possible  because of lack of yaw-control  effectiveness.  

2. Because of the  very  high  level of s t a t i c   p i t c h   i n s t a b i l i t y  of the  a i r f rame,  
c o n t r o l l e d   f l i g h t  was not   possible   without   the  pi tch  s tabi l i ty   augmentat ion  system 
( S A S ) .  With the SAS ac t iva ted ,   the  model exh ib i t ed   exce l l en t   l ong i tud ina l   f l y ing  
c h a r a c t e r i t i c s  where adequate   pi tch  control  was ava i l ab le .  These r e s u l t s   i n d i c a t e  
t h a t  it i s  feasible   to   design  for   very  high  levels  of a i r f r a m e   p i t c h   i n s t a b i l i t y  
a s  long  as  there is adequate  control power and sensor   information  to   provide  the 
necessary  level  of s tab i l i ty   augmenta t ion .  

3 .  Nose-up p i t ch   con t ro l  below about 20° angle of a t t a c k  was found t o  be 
marginal  because of c a n a r d   s t a l l .  Making t h e   s t r a k e   f l a p  a n  ac t ive   p i t ch -con t ro l  
device   should   a l lev ia te   th i s   condi t ion .  

4 .  With the   ro l l   s t ab i l i t y   augmen ta t ion  sys tem deac t iva ted ,   the  model exhib i ted  
large-amplitude undamped r o l l   o s c i l l a t i o n s  (wing  rock)  above 25O angle of a t t a c k  
which made control  marginal.  The r o l l  SAS acting  through  the  powerful  flaperons 
e f fec t ive ly   suppressed   the  wing rock up to   the   h ighes t   angle  of attack  achieved 
(40'1. 

5. The s t a t i c   l a t e r a l - d i r e c t i o n a l   s t a b i l i t y   c h a r a c t e r i s t i c s  of the  configura-  
t i o n  were not  dominated by any  one configuration  feature  throughout  the  angle-of- 
a t tack  range.  Above about 30° angle  of attack,  the  fuselage  forebody  produced 
b e n e f i c i a l   c o n t r i b u t i o n s   t o   s t a t i c   d i r e c t i o n a l   s t a b i l i t y ,   b u t  it also  produced 
unstable   values  of  damping i n   r o l l .  The forward-swept wing was pr imari ly   responsible  
f o r   t h e   l a t e r a l   s t a b i l i t y   c h a r a c t e r i s t i c s  up to   abou t  30° angle  of a t t ack ;  however, 
t h e   c h a r a c t e r i s t i c s  above 30° angle  of a t tack  appeared  to  be s t rongly   in f luenced  by 
an i n t e r a c t i o n  between the  forebody and the  canard-wing  flow  fields. 
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6. Canard s e t t i n g  was found to  i n f l u e n c e   s i g n i f i c a n t l y  the high-angle-of-attack, 
vertical-tail f l o w  charac te r i s t ics   and   hence  static d i r e c t i o n a l   s t a b i l i t y ,  yaw 
damping,  and  rudder  effectiveness. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
December 2, 1983 
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TABLE I .. MODEL MASS AND GEOMETRIC  CHARACTERISTICS 

Weight. lb ................................................................... 61.75 

Moments of i n e r t i a :  
Ix. s l u g - f t  0.484 2 

2 
2 

............................................................... 
Iy. s l u g - f t  4.49 ............................................................... 
Iz. s l u g - f t  4.61 ............................................................... 

Wing: 
Span. f t  ................................................................... 4.35 
Mean aerodynamic  chord. f t  ................................................. 1.15 
Area. f t 2  .................................................................. 4.74 
Aspect r a t io  ............................................................... 4.0 
Sweep ( l ead ing   edge ) .   deg  .................................................. -29.27 
Sweep ( 0 . 2 5 ~   c h o r d ) .   d e g  ................................................... -33.73 
Taper ra t io  ................................................................ 0.404 
Dihedra l   angle .   deg  ........................................................ 0 
Flaperon area ( t o t a l ) .  f t 2  ................................................. 0.734 
F lape ron   de f l ec t ion .   deg  .......................... 17.5 (T.E.D.) t o  -27.7  (T.E.U.) 

Canard: 
Span. f t  ................................................................... 2.18 
Area ( t o t a l )  . f t 2  .......................................................... 0.947 
Aspect r a t io  ............................................................... 1.47 
T a p e r   r a t i o  ................................................................ 0.318 
Def lec t ion .   deg  ....................................... 30 (T.E.D.) t o  -60  (T.E.U.) 

Vertical t a i l :  
Height.  f t  ................................................................. 1.07 
Area. f t 2  .................................................................. 0.864 
A s p e c t   r a t i o  ............................................................... 1.32 
Taper ratio ................................................................ 0.306 
Rudder area. f t 2  ........................................................... 0.177 
Rudder   def lec t ion .  deg ..................................................... *30 

S t r a k e   f l a p  : 
Area ( t o t a l ) .  ft2 .......................................................... 0.267 
Def lec t ion .   deg  ............................................................ *30 
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TABLE 11.- SUMMARY OF FREE-TO-ROLL RESULTS 

Conf igura t ion  

Complete   configurat ion,  
6 = -25O 

C 

Body, wing,  and t a i l  ( c a n a r d   o f f )  

Body and  wing (canard  and tail off  ) 

Body and t a i l  (canard  and  wing  off)  

Complete   configurat ion,   p lus  
40° nose   s t rakes ;  6, = -25O 

Angle of a t t a c k ,  
de9 

20 
25 
30 
35 
40 
45 

40 

4 0  

40  

40 

R e s u l t s  

L i g h t l y  dampeda 
Mild  wing  rock b 

Moderate  wing  rockC 
Large-amplitude wing rock 
Large-amplitude  wing  rock 
Large-ampli  tude  wing  rock 

Large-amplitude  wing  rock 

d 
d 
d 

d 

Large-ampli  tude  wing  rock d 

Large-amplitude  wing  rock d 

Mild  wing  rock b 

~ " - " 

a L i g h t l y  damped: Ro l l   mo t ions   even tua l ly   d i e  Out. 
'Mild wing rock: A $  < fl5O. 
'Moderate  wing rock: fl < A$ < f15' 
dLarge-amplitude  wing  rock: A$ > +25 O .  
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. . . . " . . . . . ._ - .. " ..  .. ... . 

Figure 1.- System of axes. 
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( a )  Plan-view  sketch of f l a t - p l a t e  wing  model. 

Figure 2 .- Drawings of models.  Dimensions are   given  in  feet unless  otherwise  specified.  
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(b )  Three-view sketch of b a s i c  model. 

F igure  2.- Concluded. 
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(a) Side view. 

Figure 3.- Photographs of basic model. 

E83-127 



L83-128 

(b) Mounted i n   t h e  Langley 30- by 60-Foot  Tunnel  during  static-force  testing. 

Figure 3.- Concluded. 



L l  

7" 

( a )  Rear location. (b) Side location. ( c )  Top location. 

Figure 4.- Locations of spin-chute  canister. 



.5  

A-A 

Figure 5.-  Geometry of 40° nose  strakes.  Dimensions a r e   g i v e n   i n  
inches   unless   o therwise   spec i f ied .  
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Wing  reference line 

3 

Position B, deg c, deg 1 

Maximum T.E. D e  

- 19.9 -19.3 -27.7 Maximum T.E. U. 

0 0 0 U ndef I ect ed 

13.6 12.3 17.5 

Figure 6.- Flaperon-deflect ion  def init ion.  All angles  are measured  perpendicular 
to 0 . 7 5 ~ .  
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Figure 7.- Photograph of basic model i n  free f l i g h t .  

h) 
W 



W 
0 

Figure 8.- Test s e t u p  for wind-tunnel   f ree-f l ight  tests. 
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(a)  Posit ive canard  deflections. 

Figure 10.- Effect of canard  deflection on s ta t ic   longi tudinal   character is t ics .  
6 = 17.5O; 6 = 30°. 
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(b) Negative canard   de f l ec t ions .  

Figure 10. - Concluded. 
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Figure 1 1 . -  Canard deflect ion  required €or trim. c.g .  a t  -0.07;; 6, = 17.5O; 6, = 30°. 
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Figure 12.- Effect of strake-flap  deflection on s ta t i c  longitudinal 
characteristics. 6c = -25 O ;  6f = 17.5 O .  

35 



2.6 

2.11 

2.2 

2.0 

1.8 

1.6 

cL 
1 .'4 

and 

c D  
1.2 

1 .o 

.8 

.6 

.'4 

.2 

0 
-10 0 10 20 30 '40 50 60 70 80  30  100 

a, deg 

Figure 13.- Effect of flaperon  deflection on s ta t ic   longi tudinal  
characterist ics.  6, = -25O; 6, = 30°. 
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Figure 14.- Effect of v e r t i c a l   t a i l  on s ta t ic   l a te ra l -d i rec t iona l   s tab i l i ty .  
6, = 17.5O; 6 ,  = 30°. 
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0 X-29A; 6, = -25O ; bf = 17.5O ; 6 = 30° 
S 

n Flat-plate  forward-swept  wing 

002 
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“006 

Figure 15.- Comparison of lateral  stability  characteristics of X-29A and 
f lat-plate f orward-swept wing. 
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Figure 16.- Effect  of canard  def lect ion on s t a t i c   l a t e r a l i l i r e c t i o n a l   s t a b i l i t y .  
6, = 17.5O; 6, = 30°. 
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( a )  Canard o f f .  

(b) Canard on. 6, = O O .  

Figure 17.- Tuft-f low  visual izat ion of X-29A v e r t i c a l  t a i l  a t  a = 25O. 
6, = 17.5O; 6, = 30°. 
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Figure  19.- E f f e c t  of s t r ake - f l ap   de f l ec t ion  on s t a t i c  l a t e r a l - d i r e c t i o n a l  
s t a b i l i t y .  6c = -25O; 6f  = 17.5O. 
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Figure 20.- Effect of spin-chute  canister  location on s ta t ic   la teral-direct ional  
s tab i l i ty .  6c = -25"; 6 ,  = 17.5"; 6 s  = 30". 

44 





C 0 

yP - .Orl 

006 

ooq 

C . 002 
np 

0 

- .002 

- ooq 

002 

0 

- 002 

- .ooq 

- =006 
-10 0 10 20 30 YO 50 

a, deg 

alp sensor 
0 Off 
0 On 

.Figure 22.- Effect of boom-mounted a/@ vane  sensor   on s t a t i c  l a t e r a l - d i r e c t i o n a l  
s t a b i l i t y .  6, = -25O; 6f = 17.5O; 6 ,  = 30°. 
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Figure 23.- Helium-bubble flow visual izat ion of X-29A forebody flow a t   h i g h   a n g l e s  of at tack.  
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Figure 24.- Effect of aileron  deflection. 6, = -25O; 6, = 30'. 
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Figure 26.- Effect of rudder d e f l e c t i o n .  6, = -25O; d f  = 17.5O; 6, = 30°. 
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Figure 27.- Effect of c a n a r d   d e f l e c t i o n   o n   r u d d e r   e f f e c t i v e n e s s .  6, = - 3 O O ;  
6, = 17.5O; 6, = 3 0 ° .  
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Figure  28.- E f f e c t   o f   c a n a r d   d e f l e c t i o n  on d y n a m i c   l o n g i t u d i n a l   s t a b i l i t y  
d e r i v a t i v e s   o b t a i n e d   d u r i n g   p i t c h i n g - o s c i l l a t i o n  tests. 6f = 200; 
6s  = 30°; A9 = +50. 
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Figure  29.- E f f e c t  of canard   def lec t ion  on dynamic l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  
d e r i v a t i v e s   o b t a i n e d   d u r i n g   r o l l i n g - o s c i l l a t i o n  tests. 6, = 2 0 ° ;  6 s  = 30°; 
A +  = *IO0. 
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Figure 30.- Comparison of roll-damping  characterist ics of X-29A and f l a t - p l a t e  

forward-swept  wing. A$ = & I O 0 .  
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Figure 31 .- Effec t  of 40° nose  s t rakes  on dynamic l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  
de r iva t ives   ob ta ined   du r ing   ro l l i ng -osc i l l a t ion  tests. 6= = -25O; 6f = 2 0 ° ;  
g S  = 30°; A$ = &So. 
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Figure  32.- E f fec t  of v e r t i c a l  tail on dynamic l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  
der iva t ives   ob ta ined   dur ing   yawing-osc i l la t ion  tests. 6c = -25O; 6f = 20° ;  
6 s  = 30°; AJI = *So.  
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Figure 33.- Effec t  of canard  def lect ion on dynamic l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  
der ivat ives   obtained  during  yawing-osci l la t ion tests. 6, = 2 0 ° ;  6 s  = 30°; 
AJI = f5O. 
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Figure 34.- Root-locus representation of pitch-stability-augmentation, 
short-period  characteristics  with a: = 3 0 ° .  Values shown are  for  
full-scale  airplane. 
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Figure 35.- Root-locus representation of roll-stability-augmentation, 
Dutch roll  characteristics with a = 30°. Values s h a m  are €or 
full-scale airplane. 
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Figure 39.- Model lateral-directional flight  characteristics with full augmentation. 
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Figure 42.- Effect of r o l l  SAS on model f l ight   character is t ics .  Values 
shown are  i n  model scale. 
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Figure 43.- Effect of c.g. location and strake-flap  deflection on 6c,t; 6, = 17.5O. 
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Figure 44.- Effec t  of s t rake- f lap   def lec t ion  and c.g. locat ion on d i r e c t i o n a l  

s t a b i l i t y .  6, = Trim;  6, = 17.5O. 
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